OBJECTIVE: This study examined the effects of obesity on static and dynamic plantar pressure distributions displayed by children. DESIGN: Field-based experimental data on body mass index (BMI) and plantar pressures were collected for 10 obese children and 10 nonobese controls. SUBJECTS: In all, 10 obese (age 8.872.0 y, BMI 25.873.8 kg m À2 ) children matched to 10 nonobese children (age 8.972.1 y, BMI 16.872.0 kg m À2 ), for gender, age and height. MEASUREMENTS: Height and weight were measured to calculate BMI. Right and left foot plantar pressures were obtained using an AT-4 emed s pressure platform (Novel gmbh , Munich) to calculate the peak force and pressure experienced under areas of each child's feet during static and dynamic conditions. RESULTS: While standing, the obese children generated significantly higher forces over a larger foot area and experienced significantly higher plantar pressures compared to their nonobese counterparts (41.8717.7; 30.1712.0 N cm À2, respectively; Po0.022). Similarly, while walking, the obese children generated significantly higher forces over all areas of their feet, except the toes. Despite distributing these higher forces over a significantly larger foot area when walking, the obese children experienced significantly higher plantar pressures in the midfoot (Po0.003) and under the second to fifth metatarsal heads (Po0.006) compared to the nonobese children. CONCLUSIONS: It is postulated that obese children are at an increased risk of developing foot discomfort and/or foot pathologies due to increased plantar loads being borne by the small forefoot bones. Furthermore, continual bearing of excessive mass by children appears to flatten the medial midfoot region during walking. As the long-term consequences of these increased plantar loads are currently unknown, it is recommended that the effects of obesity on the structural and functional characteristics of obese children's feet be further investigated.
Introduction
Each time the foot contacts the ground during walking, peak vertical ground reaction forces typically reaching 120% of body weight are generated. 1 It has been estimated that an individual with a mass of 67 kg, walking 1.6 km, would be required to absorb 64.5 tonnes on each foot. [2] [3] Considering the need to consistently withstand such high loading, it is not surprising that foot discomfort, pain and pathologies frequently occur. These foot pathologies may be exacerbated in obese or overweight individuals due to increased mechanical loading of the feet caused by their additional mass. [4] [5] [6] [7] Although various authors have suggested that obesity may have negative consequences on the lower extremity, especially in children's feet due to their immature foot structures, 8 to our knowledge there have only been two studies that have directly examined the association between foot loading during activities of daily living and obesity in children. 9, 10 Dowling et al 9 reported that the peak forces generated over the plantar surface of the total foot, both statically and dynamically, and the peak area of the foot in contact with the pressure platform were significantly greater in the 13 obese children (age 8.171 .2 y) they tested compared to their 13 nonobese counterparts (age 8.470.9 y). As this increase in the force generated by the obese children was distributed over a larger total foot area, only negligible differences were noted in the peak plantar pressures experienced by the two subject groups across the plantar surface of their feet. However, when the foot was divided into rearfoot and forefoot sections, the obese children experienced significantly greater peak pressures in the forefoot compared to the nonobese children. 9 The authors speculated that obese children might have an increased potential risk of developing foot pathologies, including forefoot stress fractures, as a consequence of these higher forefoot pressures during walking. David et al 10 also
reported observing higher forefoot pressures for obese children, although these values were not significantly higher relative to the children's leaner counterparts.
As the results of these two studies are not definitive, further comprehensive research pertaining to the effects of obesity in children on plantar pressure distributions is warranted to ascertain if higher forefoot plantar pressures are typical for other samples of obese children. Furthermore, it is imperative to identify specifically the location on the forefoot of where, if anywhere, higher pressures are occurring, as the location will have implications for the type of foot deformities likely to develop. Therefore, the purpose of this study was to determine whether there were any differences in the static or dynamic plantar pressures generated by obese children compared to their leaner counterparts and, if so, specifically where these pressures were located on the foot. It was hypothesised that obese children would display higher plantar pressures over a specific location on the forefoot relative to those generated by nonobese children.
Methods

Subjects
Four female and six male obese prepubertal children (age 8.872.0 y, height 1.4270.11 m) without other pathologies associated with their obesity were selected as experimental subjects. The subjects were selected, based on their body mass index values (see below), from a larger sample of all consenting 6-12-y-old children (n ¼ 65) recruited from a primary school and a local children's exercise programme. In all, 10 nonobese children matched to the obese subjects for gender, age and height (age 8.972.1 y, height 1.3870.13 m) were selected as control subjects from the same group of consenting children. Before commencing the study, all procedures and methods were approved by the University of Wollongong Human Research Ethics Committee. The parents of all children gave written, informed consent for their children to participate in the study.
Body mass index
Each subject's height was measured to the nearest millimetre using a portable, calibrated (Hadlands Photonics, Glen Waverley, Victoria, Australia) stadiometer while the children stood barefoot in the anatomical position. Body mass was measured to the nearest 0.05 kg using calibrated UC-300 Precision Medical Scales (Tokyo, Japan) while the children stood motionless and wearing minimal clothing (shorts or skirt and a shirt). Body mass index (BMI) was then calculated as body mass divided by height squared (kg m
À2
) as an indicator of obesity. Each subject's BMI was then used to classify the subjects as either obese or not overweight/obese according to the standard classification proposed by Cole et al.
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Plantar pressure distribution data collection Static plantar pressure measurement. To quantify the static pressures generated on the plantar surface of the foot, each subject stood relaxed and barefoot in the anatomical position for 5 s, looking forward at a picture of a smiling face on the wall, with one foot on an AT-4 emed s platform (Novel gmbh , Munich; 4 sensors/cm 2 ; 7% accuracy; o3% hysteresis) and mass evenly distributed across both feet. Two static plantar pressure trials were recorded (N cm
À2
) for each subject's left and right foot at 25 Hz. The pressure data were collected using the Win Emed 1.18e (Novel gmbh , Munich) program, and transferred directly to a laptop computer where it was saved for later analysis. For the static plantar pressure measurements, the variables of peak force, peak area and peak pressure for the total foot were determined using the Novel s emed-SF s software.
Dynamic plantar pressure measurement. To assess dynamic plantar pressure distributions each subject walked over the AT-4 emed s platform at a consistent walking pace, which was set by an accompanying walker's speed 12 and using the two-step method. For the two-step method, each subject stood approximately 1.2 m in front of the platform, stepped onto the platform with their second foot strike and continued to walk over and past the plate for approximately 2 m. The two-step method was used as young children have a better chance of striking the platform without the need for excessive repeated trials compared to the mid-gait method. 9, 12, 13 The two-step method is also relatively simple to perform and is preferable to use if subjects fatigue easily.
14 Familiarisation trials were also performed to limit targeting of the pressure platform, to enable the children to become accustomed to the walking pace set by the accompanying walker and to ensure that each child was comfortable with the experimental procedures. An accompanying walker was used to guide the children during the dynamic trials in order for the children to walk at a consistent pace. 9 Data collection were restricted to five successful trials per foot for all children during the dynamic condition to minimise fatigue. Dynamic pressure measurements using the AT-4 emed s plate were triggered when the force generated by the first foot contact exceeded the threshold of 1 N cm À2 and was stored for later analysis.
Obesity on plantar pressure in children AM Dowling et al
For the dynamic plantar pressure measurements, rather than merely dividing the foot into forefoot/rearfoot sections as has been done in previous studies, 9,10 each footprint was divided into 10 discrete regions (masks) using the method originally described by Cavanagh et al 15 (Novel s automask: see Figure 1 ). Once all footprints had been divided into the 10 regions they were further analysed using Novel s multimask software to determine the following variables for each of the 10 regions: peak area, pressure and force; contact time; pressure-time integral and force-time integral. In each foot region, the peak force, area and pressure were analysed to determine the locations on the foot that were exposed to high loading and to better understand the pressures imposed on the children's feet at any stage during contact with the plate. 16 Pressure-time integrals were analysed as they provide vital information pertaining to integrity of the skin whereas force-time integrals assist in evaluating the effects of fatigue on bone. 17 Values of peak pressures and relative forces were averaged across the five trials collected for each foot during each condition before further statistical analysis. ).
Statistical analysis
11 Therefore, the subject groups were considered truly representative of obese and nonobese children.
Static plantar forces, areas and pressures Static peak force, area and pressure data collected for the two subject groups during the standing trials are presented in Table 1 . No significant main effects of limb (right vs left) and no significant interactions between limb and body type were found on any of the pressure data, either static or dynamic, analysed in this study. Therefore, only the effects of body type on the plantar pressure variables are presented. The obese children displayed a significantly higher mean static peak force, a significantly larger peak contact area, and a significantly higher mean static peak pressure compared to their nonobese counterparts (see Table 1 ). Obesity on plantar pressure in children AM Dowling et al
Dynamic plantar forces, areas and pressures
When walking over the pressure platform, the obese children generated significantly higher mean maximum forces on the lateral and medial heel regions of the foot (Masks 1 and 2), the midfoot region (Masks 3 and 4) and the metatarsal heads (Masks 5-7) compared to the nonobese children. They also displayed a greater mean contact area for all regions of the foot, except the greater toe (Mask 8), and greater mean peak pressures in the midfoot (Masks 3 and 4), and metatarsal heads 2-5 (Masks 6-7), compared to their nonobese counterparts (see Figure 2) .
Dynamic force-time and pressure-time integrals
Compared to the nonobese children, the force and the time that this force was generated over the heel (Masks 1-2), midfoot (Masks 3-4) and metatarsal heads (Masks 6-7) was significantly higher in the obese children (see Figure 3) . A significant main effect of body type was also found on the pressure-time integrals, whereby the obese children displayed higher mean pressure-time integrals in Masks 2-4 and Mask 7 compared to the nonobese children (see Figure 3 ).
Discussion
Compared to their leaner counterparts, obese children in the present study experienced significantly higher static plantar pressures, despite distributing their higher plantar forces over a larger area of contact with the ground. Furthermore, the obese children generated significantly higher peak pressures and pressure-time integrals when walking, compared to nonobese children, particularly high loading under the later metatarsal heads. These results are discussed in more detail below. Interestingly, the lack of main effects of limb on any of the data supports the notion that the forces and pressures generated by children when standing and walking are relatively symmetrical, irrespective of body mass. Furthermore, the lack of any test limb Â body-type interactions refutes the notion that any effects of obesity are limb dependent.
Static plantar forces, areas and pressures
The static peak force and pressure data (see Table 1 ) are somewhat lower than those reported previously for 7-10-yold children, 9 although the area of the children's feet in contact with the pressure platform is similar in the two studies. The between-study differences in force and pressure may be attributed to the different pressure measurement systems used in the two studies, whereby the AT-4 platform used in the present study has an increased number of sensors per unit of area and an increased sampling frequency compared to the mini-emed pressure platform used by Dowling et al. Obesity on plantar pressure in children AM Dowling et al
The significantly higher mean static peak forces generated by the obese children relative to their leaner counterparts (see Table 1 ) are consistent with previous research pertaining both to children 9 and adults. 12 As force is equal to the product of mass and acceleration this increase in static peak force displayed by obese subjects, with their larger body mass, was expected. The obese children also generated significantly higher static peak pressures, a result contrary to previous research in which no significant between-subject group differences were found. 9 The increased forces generated by the obese children in both studies were experienced over a larger foot surface area. However, although the children studied by Dowling et al 9 were able to effectively distribute these higher forces over a large enough area to prevent any significant plantar pressure increase, the obese children in the current study did not successfully achieve this. It is postulated that these significantly higher static plantar pressures may have serious implications for obese children as higher plantar pressure during static weight bearing may increase the risk of developing foot discomfort and other foot pathologies, particularly in the child's immature foot.
Dynamic plantar forces, areas and pressures Similar to the static data, the greater dynamic forces generated in the heel, midfoot and forefoot regions by the obese children relative to their leaner counterparts, were anticipated due to their greater body mass. It would appear, however, that loads exerted on the toes (Masks 8-10) are not affected by increased body mass.
The obese children displayed a significantly increased foot contact area in nine out of the 10 foot regions during gait, relative to the nonobese children. These findings are consistent with the flatter, broader foot structure noted to be characteristic of obese prepubescent children by Riddiford-Harland et al. 8 This increased midfoot contact area displayed by obese children during gait may simply be due to the continued presence of a fat pad in this foot region that is no longer present in normal mass children. Such a fat pad may be an adaptive response to assist obese children cushion the higher forces associated with their increased mass or merely another site of increased adiposity that has little functional significance. Alternatively, this increased midfoot contact area may represent structural deformity of the obese children's feet, indicative of collapsed longitudinal arches and the foundation for future pathologies, caused by the need to continually bear greater mass. As the mechanism of this increased midfoot contact area is purely speculative, further research pertaining to the causes of increased midfoot contact areas during gait in obese children is recommended. Obese children in the present study generated significantly greater mean peak pressures under the midfoot and second to fifth metatarsal heads, compared to their nonobese counterparts. The increase in midfoot pressures displayed by the obese children is likely a consequence of the obese children having flatter feet; the medial midfoot region contacts the pressure platform, generating pressure readings in this foot area. In contrast, few of the nonobese children's higher arched feet made contact with the platform in the medial midfoot region, thereby resulting in the lower pressures observed. As these increased pressures experienced by the obese children in the medial midfoot area are relatively low compared to other areas of the foot, they are not considered problematic.
Conversely, the peak pressures generated by the obese children for Masks 6 and 7 were high relative to other foot regions, as well as being significantly higher than the plantar pressures generated by the nonobese children (see Figure 2 ). As these higher pressures are being experienced on smaller bony and ligamentous structures surrounding the second to Obesity on plantar pressure in children AM Dowling et al fifth metatarsal heads, this may have negative consequences for the feet of obese child in terms of an increased risk of forefoot pathologies, such as stress fractures of the metatarsal bones and ulcerations, particularly in those obese children who progress to developing type II diabetes.
Dynamic force-time and pressure-time integrals
The increased body mass associated with obesity and, in turn, the higher force-time integrals place the obese child at risk of bony fatigue, 17 particularly over the heel, midfoot and metatarsal heads. However, as the force-time integral in Mask 7 was the highest recorded for an individual region of the foot, it is postulated that this region may be at greatest risk of potential trauma due to bony fatigue. To minimise this potential for bony fatigue it is recommended that obese children wear footwear that provides adequate cushioning during physical activity, particularly cushioning under the metatarsal heads. Although displaying significantly higher pressure-time integrals in Masks 2-4 and Mask 7, the absolute pressuretime integrals in the midfoot region (Masks 3 and 4) were relatively low and therefore not considered problematic. However, the medial heel (Mask 2) and third to fifth metatarsal heads (Mask 7) of the obese children's feet may be at risk from trauma as the pressure-time integral values in these regions were high in both absolute and relative terms. The high pressure-time integral under the lateral metatarsal heads suggests that over time trauma to the skin in this region could potentially occur, 17 as high pressure-time integrals have been associated with ulcerations in diabetic patients. 18, 19 It is therefore recommended that intervention strategies be developed to decrease these higher pressuretime integrals experienced by obese children, especially under the third to fifth metatarsal heads. One possible strategy is the use of foot and leg exercises to alter the way in which obese children load their feet during gait to help dissipate these high pressures over time more effectively.
Conclusion
Based on the findings of the present study it is postulated that obese children might be at an increased risk of developing foot discomfort and/or foot pathologies, such as stress fractures in the forefoot, or skin ulcerations as a result of increased pressures being borne by the small bones of the forefoot. Furthermore, in young children, long-term bearing of excessive mass caused by obesity appears to flatten the medial midfoot region, increasing the area and time this region of the foot contacts the ground during walking. As the long-term consequences of these increased plantar loads are currently unknown, it is recommended that the effects of obesity on the structural and functional characteristics of children's feet be further investigated.
